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Introduction
When a charged particle is subject to an electromagnetic (EM) field and is then accelerated, it emits radiation. In particular, we call this 'synchrotron radiation' for ultrarelativistic particles in a magnetic field, and Compton (or Thompson) scattering for a particle in an electromagnetic wave.
The radiation from a single particle can be calculated from Lihard's formula (which is the Green's function of Maxwell's equations) [I] .
For many electrons at random positions, the resulting radiation is an incoherent superposition of fields, and the total intensity is proportional to N , the number of particles. But if the beam is modulated (the electrons are bunched) on a spatial scale comparable to the emitted wavelengths 'coherent' radiation is emitted with power proportional to N 2 in addition to the 'incoherent' one, proportional to N 121. In particular we have this in free electron lasers (FEL) [3] , and in the harmonic generation by the FEL or optical klystron [4] .
As the modulated beam emits more radiation than an m o d u l a t e d one, it must lose more energy. But bow is this produced? what is the force doing the extra work, as they assume the conservation of energy. In particular, it is not evident how, while the increase in emitted power is independent of the distance between the two particles (as long as it is K A), the force between them decreases with the distance: how can this force produce a work independent of distance?
This discussion is also relevant to the speed-up of emission of radiation when many oscillators are excited simultaneously by a short pulse and are within a coherence volume of the emitted radiation, as in the excitation of Msssbauer radiation by synchrotron radiation [5,6].
In order to analyse in detail the mechanism by which the various forces cause this extra work, we take a simple example: Thompson scattering of monochromatic radiation on two electrons spatially separated by a distance that is small with respect to the wavelength For a better physical understanding of the procedure, we begin with a rough, naive description (simple enough to show the effect of retardation and phase shifts, but not quantitative), followed by a more formal and general description, using the scheme taken from the analysis of the classical model of the electron.
Radiation from one electron
Let us first recall the energy balance and radiation pressure (moment-balance) in Thompson scattering from one electron.
The electron, of charge e and mass m, is in a plane monochromatic wave propagating in the z direction, with electric field along y:
(2) The amplitude of the motion is yo = eE0X2/4?mc2.
We assume yo -zx X (which also implies nonrelativistic motion).
We also assume hw Q: mc2. This is the classical scheme for the description of Thompson (low-energy Compton) scattering and, using a Lorentz transformation and the Weisecker-Williams approximation, it can be used for an electron in an undulator (as in a FEL).
The Lorentz-Abraham equation of motion is mi: = eE+ ev A B + mror.
(3) where (4)
(ro is the 'classical electron radius') and the radiation reaction term r0 is a small perturbation; then we can write for they motion to first order:
where y is taken from the solution of equation ( 5 ) without radiation reaction (ro = 0) : j ( t ) = eE(r)/m. The steady state solution of equation (5) gives:
The average radiated power is: m r o e 2 E i r P = mroy = -sin (wt) = 4. E; (7) m2 with ~= 4 ? i e~c d , which, divided by the wave intensity trocJ$, gives the Thompson cross-section: U = 8&/3. P is emitted symmetrically fonvard and backwards, and the work is done by the wave, then the corresponding momentum per unit time P/c is a force pushing the particle in the fonvard i direction.
P must correspond to a work per unit time W done by the tield on the electron, and P/c to an average longitudinal force (radiation pressure):
The radiation reaction force is very small, hut produces a phase shift between F = eE and j;, so that F and j are no longer in quadrature.
Radiation from two electrons (naYve description)
Let us now take two electrons, at positions n = -r/2 and x = r / 2 , with oscillation amplitude yo Q: r <'A. Now the emitted power is four times larger than before, as we can understand by the fact that the emitted power is proportional to 2.
Neglecting the Coulomb term, each particle emits a field which, at the position of the other, is E r ( f ) = -3 E ( t -I ) .
The equation of motion of each electron is as before, plus the force due to the radiation field of the other particle:
(13) mji=eE-e-E(r-;) ro r +mroy. r Approximating:
C we get, as in equation (6) The work per unit time and the radiation pressure on each particle are now: e2& .
mw

W = e E y = -s s m w r ( -c o s~f +~~s i n w t )
W; see that, qualitatively, things operate in the right sense: the phase shift produced by the small interparticle force, which is proportional to ljr, is proportional to the retardation, which is propor-(8) tional to r , so the work done is independent of r and is added to that of the radiation reaction.
But the work has increased by a factor 2.5, not 2.
And in the case where r is parallel to v the field produced by one particle on the other is zero, so we do not understand how the extra work is done.
Radiation from two electrons: a general description
The reason is that we have neglected the Coulomb field; although it decreases as l/?, if the approximation is pushed to second order, a term proportional to the square of the retardation, multiplied by it, still gives a term independent of r.
In order to show this, let us write the electric field emitted at a distance r from a charge e to first order in v/c: 
3
6c'
(19) and substituting in the first term of equation (18) and taking for the moment v = 0, we find a term (the first term is the Coulomb field calculated at time t , i.e. neglecting the retardation: this, when summed over the two electrons, is zero). In the case where i is parallel to U, we get a 'force' equal to 2ij/3c3 as expected (the second term in equation (18) vanishes as the double vector product is zero).
If we do the same algebra on the second term of equation (18), we find (still for 6 = 0):
47rqE2=-(v-(i.U)i). c3
Equation (Zl), inserted in equation (13) instead of the retardation term (second term in the RHS of equation (14)) gives the same result as equation (16) (with the factor cos@; in particular a value 3 too large for B = r/2 and equal to zero for 8 = 0. This means that the correction is indeed due to the retardation of the Coulomb field (equation (20) ).
Adding equation (20) and (21) the two (?.U); terms cancel each other and we get an 'equivalent' force (between the two electrons) equal to mTov, independent of 8, equal to the so-called 'self-force' (last term in equation (3)) and therefore able to double the work and pressure on each particle.
It is important to remember that by 'equivalent force' we mean that instead of a retarded force we can consider an instantaneous one plus an 'equivalent' force which corrects for the retardation.
An additional remark
What we have described here is part of the procedure used to calculate the reaction force in the classical electron model . We can now make an additional remark if we keep also the terms of equation (19) linear in the acceleration it when substituting in equation (IS), we find, summing over the two electrons, the reaction term proportional to acceleration:
which is interpreted as an additional inertial mass due to the interaction between the two particles. This is just equal to the interaction energy divided by c', as shown in [I I] when i is perpendicular to 6. When they are parallel, the result is twice as large (a similar remark is made in [12l). Physically, this can be interpreted in the following way: if particle 1 is at z = 0 and 2 at z = r, with acceleration in the positive z direction, and both are positive, 1 does positive work on 2, and 2 negative on 1. Therefore an energy Fu is transferred forward per unit time on a distance r. This means a momentum Fur(c = e2v/cr, and as they are accelerated, a momentum change per unit time (i.e. a force) e'alcr. This corresponds to a (slightly) non-equal acceleration of the charges because they repel each other and they are not linked together. If they were, the tension of the link would create a backward-travelling 'hidden' momentum which would compensate that part (see the 'Poincar6 stresses' and the Trouton-Noble experiment [ 13-161).
Conclusions
We have analysed the mechanism by which the force between two electrons causes a work corresponding to the increase in radiated power in coherent radiation. We have seen that the role of the interparticle force is to produce a phase shift between the external force and the acceleration, which increases the work done by the force accelerating the charges; and the increase of the delay due to the interparticle distance compensates the decrease in field with the distance, so that the work is independent of the distance. We agree with Jackson ([I] section 17.6) that it is a ' matter of taste if one wants to define a covariant energy-momentum density, but we think that with the 'traditional' approach we get some interesting physical insights. (In any case, as the integrated energy-momentum of a closed system is a 4-vector [19] , P o i n c d s stresses are not an 'ad hoc' assumption, as any force which keeps the electron together also compensates the 4/3 factor in the electromagnetic mass, momentum and kinetic energy in the classical electron model.) For discussions of the various viewpoints, see 
